A closed-loop model of cardiopulmonary circulation has been developed for the study of right-left ventricular interaction under physiologically normal and altered conditions. The core model provides insight into the effects of ventricular interaction and pericardial mechanics on hemodynamics. The complete model contains realistic descriptions of (a) the interacting ventricular free walls and septum, (b) the atria, (c) the pericardium, and (d) the systemic and pulmonary vascular loads. The current analysis extends previous work on ventricular interaction and pericardial influence under isolated heart conditions to loading conditions imposed by a closed-loop model of the circulation. A nonlinear least-squares parameter identification method (Levenberg-Marquardt algorithm) is used, together with parameter sensitivity analysis, to estimate the values of key parameters associated with the ventricular and circulation models. Pressure measurements taken at several anatomical locations in the circulation during openchest experiments on dogs are used as data in the identification process. The complete circulatory model, including septal and pericardial coupling, serves as a virtual testbed for assessing the global affects of localized mechanical or hemodynamic alterations. Studies of both direct and series ventricular interaction, as well as the effect of the pericardium on cardiac performance, are accomplished with this model. Alterations in model parameter values are used to predict the impact of disease and/or clinical interventions on steady-state hemodynamic performance. Additionally, a software package titled CardioPV has been developed to integrate the complete model with data acquisition tools and a sophisticated graphical user interface. The complete software package enables users to collect experimental data, use the data to estimate model parameters, and view the model outputs in an online setting. ᭧
INTRODUCTION
This paper presents the development of a closed-loop model for the study of the effects of ventricular interaction and pericardial mechanics on hemodynamics throughout the circulatory loop. This endeavor integrates three distinct areas of modeling, arterial circulation, closed-loop circulation, and heart mechanics (particularly ventricular mechanics). A comprehensive survey of mathematical models of the circulatory system (1) has shown that, while characterizing the same biological system, these models vary significantly in their complexity, modeling assumptions and objectives. Circulatory models range from simple resistive-compliant Windkessel models, for the study of the interaction between the left ventricle and its systemic arterial afterload (2, 3) , to very complex distributed network representations of the systemic vascular tree (4), used for more detailed studies of the hemodynamics of the arterial system. Several lumped-parameter models of intermediate complexity have been developed to characterize the complete "closed" circulatory loop (5) (6) (7) (8) (9) (10) (11) and have been employed in studies of a wide variety of physiological phenomena, ranging from the circulatory response to gravitational acceleration (9) to the effects of intrathoracic pressure variations (10, 11) . Heart pump models range from simple spring-dashpot models (12, 13) to elastance models of ventricular function (14, 15) , to finite element models of ventricular mechanics (16) . As a practical matter, elastance models are relatively simple in structure, deal directly with pressure-volume data, and can characterize the lumped pump properties of the atria and ventricles quite well.
In addressing the question of modeling ventricular interaction in vivo, the development of an adequate closed-loop model of the circulation is a prime requisite. That is, in the intact circulation, changes in the output of one ventricle eventually affect the input to the other ventricle. All closed-loop circulatory models developed to date can emulate this series interaction between the ventricles and their vascular afterloads. However, in addition to this series interaction, ample experimental evidence points to another significant form of interaction called direct ventricular interaction (17) (18) (19) (20) (21) (22) (23) (24) , where the state of one ventricle can affect the function of the other via the compliant interventricular septum (SPT). Through this direct form of interaction, the systolic and diastolic properties of both ventricles are interrelated. In addition, direct ventricular interaction is enhanced by the presence of the relatively stiff pericardium, and these two factors can have important consequences for the overall performance of the heart, as well as the circulatory system as a whole. Few models of the circulation treat either direct ventricular interaction (8, 25) or the influence of the pericardium (26) .
Direct ventricular interaction is addressed in some models of closed-loop circulation (8, 25) via the use of "interaction gains" to model the modulation of ventricular pressures. However, these models do not include an explicit dynamic description of the contracting septum, and therefore they cannot predict the hemodynamic consequences of the temporal (phasic) interaction between the contracting free walls and the septum. Moreover, these same models do not address the role of the pericardium in modulating ventricular interaction and overall cardiac performance. In the present study, we: (1) connect mathematical models of the pulmonary and systemic circulations as physiologic afterloads to dynamic models of the ventricles of the heart, (2) include mathematical models of the passive and active behavior of the atria, and (3) enclose the atria and coupled ventricles in a pericardium. These extensions are based on work previously developed by our group (6, 17) .
MODEL DEVELOPMENT
The integrated cardiovascular model considers two major components, cardiac mechanics and circulatory hemodynamics. The structures chosen to develop this lumped-parameter model were adopted with regard to the following considerations: (1) the ventricular model should be capable of describing the continuous direct interaction of the right and left ventricles via the interventricular septum; (2) the atrial models should adequately describe both the passive and the active (contractile) behavior of each atrium (the atria are considered separate uncoupled compartments); (3) the heart model should include a description of the pericardial influence on the cardiac mechanics associated with all four chambers; (4) the resistive, compliant, inertial system used to describe the hemodynamics of both the systemic and pulmonary vasculature should be appropriately apportioned with regard to blood volume, should reflect appropriate mean pressure levels, and should present an appropriate hydraulic input impedance to the ejecting ventricles; and (5) the complete model should be versatile and easily applied to a variety of simulated hemodynamic conditions (normal and pathophysiological).
Heart Model
Ventricular description. The general form of the ventricular model is based on the work of Chung et al. (6) on the isolated ventricle. The basic premise upon which the model is built is that the ventricles can be modeled as a three-walled system, the right ventricular (RV) and left ventricular (LV) free walls and the coupling septal wall. This creates three functional volumes as depicted in Fig. 1A . The total chamber volumes are related to the functional volumes according to the relationship
A septal volume of zero indicates a flat septum; the chamber volumes are then equal to the free wall volumes. Here, V SPT Ͼ 0 represents septal movement into the RV, whereas V SPT Ͻ 0 indicates leftward septal motion. This characterization of functional volumes is intended to signify septal wall motion only, and it does not affect the total chamber volumes unless accompanied by imbalanced input and output blood flows. The ventricular walls are characterized by time-varying elastance functions that relate instantaneous pressure and volume. These elastance functions produce a smooth transition from a nonlinear end-diastolic pressure-volume curve (EDPVR) to a linear end-systolic pressure-volume relationship (ESPVR), both of which have been established in (6) . Time-varying activation functions e v (t), which are representative of normalized elastance curves, are used to develop the elastances. For the ventricles and the septum, a series of four Gaussian curves of the form [2] has been adopted, where A i , B i , and C i correspond to the magnitude, width, and delay of the individual curves. The parameters A i , B i , and C i are defined in Appendix B. A more complete description of the model equations can be found in (6) .
Atrial description. The ventricular model described above was extended to include a dynamic description of the atria. For this model, the atrial septum is assumed to be rigid; i.e., the atria are uncoupled and have no direct mechanical influence on each other or the ventricles. The atrial free walls are characterized by a time-varying elastance in a fashion similar to the ventricles. In this case, however, the EDPVR and ESPVR have been developed to produce reasonable outputs that correspond to the work of Lau et al. (27) , as well as to the data we have collected. Figure 2 depicts the curves used to describe the nonlinear EDPVR, which are of the form
where i , P 0,i , and V 0,i are constant parameters chosen to yield reasonable pressurevolume behavior for the atria (i ϭ left or right). The ESPVR is also shown, and is given as
where E ES is the maximal elastance at end systole. The activation function for the atrial free walls is a single Gaussian curve of the form shown in Eq. is temporally offset from the ventricular activation in accordance with the data collected. The parameters A, B, and C for the atria are also defined in Appendix B. Heart model dynamics. A schematic diagram showing the components of the heart model is given in Figure 1B . Pressure (force) balances across the appropriate walls, in addition to mass balances between the heart chambers, are used to derive the dynamic interaction of the heart chambers, the septum, and the pericardium. The pressure balances can be summarized as
where P i represents the pressure in the left ventricle (LV ), right ventricle (RV ), left atrium (LA), or right atrium (RA), P iF is the free wall pressure of the respective heart chamber, P PERI is the fluid pressure in the pericardium, and P SPT is the pressure across the ventricular septum. Whereas the atria are modeled as active free walls within the pericardium, the atrial septum is considered rigid for model simplification purposes. The heart chambers are enclosed within an elastic pericardium under open chest conditions (i.e., intrathoracic pressure variations are neglected; P PERI is referenced to atmosphere). The mass balances are developed based on the principles of conservation of mass and the continuity equation, and they result in a series of dynamic flow equations describing the changes in chamber volumes as a function of time:
where Q MT , Q AO , Q TC , and Q PM are flows through the mitral, aortic, tricuspid, and pulmonary valves, respectively, and Q LA and Q RA are the flows into the left and right atria. The flows are derived using the generic formula
where ⌬P i is the forward pressure gradient across the flow resistance (R i ) encountered at each heart valve and the atrial inlets.
The pericardium is characterized by an exponential pressure-volume relationship of the form
}, [6] where , P 0,PERI , and V 0,PERI are constant parameters chosen to yield reasonable pressure-volume behavior for the pericardium. Here, V TOT is the volume contained within the pericardium, which includes the chamber volumes and the fluid volume of the pericardium. Myocardial and coronary blood volumes are neglected for this study.
Circulatory Model
The systemic and pulmonary circulations are modeled as physiologic afterloads to the dynamic model of the coupled ventricles located, along with the atria, within the pericardium. Previous studies (9, 28) have characterized the circulatory loop as a series of hydraulic compliant elements. We also utilize this approach and characterize the circulatory hemodynamics in terms of an apportioned resistive, compliant, and inertial system. A hydraulic equivalent circuit model of the circulatory loop is depicted in Fig. 3 .
Each segment of the circulatory loop is modeled via a set of equations describing the relationships between the pressure (P i , mmHg), volume (V i , ml), and flow (Q i , ml/s) associated with that segment. The equations governing each hydraulic segment are listed below, and they contain a number of parameters that describe each segment's resistance (R i , mmHg*s/ml), inertance (L i , mmHg* 2 /ml), and compliance (C i , ml/mmHg). The relationships used to characterize each hydraulic element are
where i indicates the specific element (e.g., AO P for proximal aorta (aortic arch), VC for vena cava). Some segments of the circulatory loop contain only resistive and compliant elements, since as the diameter of the blood vessels diminishes around the circulatory loop (namely, the arterioles, capillaries, and venules), the volumetric flow likewise declines, reducing the significance of the inertance (L i ) parameter characterizing the blood column. compliant element (V i ). However, the linear pressure-volume relationship about a given operating volume, given in Eq. [7b], allows a transformation of variables. Thus, the transmural pressure (P TM,i ), the pressure across the segment wall, is classified as a state variable. This leads to the alternative equations
In this case, the pressure within a given segment (P i ) can be determined using Eq.
[7a]. We assume experimental conditions consistent with the open-chest animal preparation; hence, the external pressure (P EX,i ) is atmospheric.
EXPERIMENTAL MEASUREMENTS
Pressure measurements from selected sites in the circulatory loop were obtained from open-chest canine preparations in the Center for Experimental Cardiac Electrophysiology, Baylor College of Medicine, Houston, Texas. These anatomic sites include the left ventricle, aortic arch, descending aorta, and femoral arteries. Additional records were obtained from the inferior vena cava, the right atrium, and the right ventricle. The pressure recordings from four sites were typically acquired simultaneously, and the ECG was recorded as an independent timing reference.
Pressures were obtained using solid-state catheter-tip transducers from Millar Instruments (Houston, TX). The positioning of the transducers within the heart chambers or vessels was verified via X-ray imaging prior to initiating acquisition. The analog recordings were digitally sampled at a rate of 500 Hz, which was sufficient to capture all significant frequency content of the acquired waveform. Data acquisition was accomplished using a mobile PC platform consisting of a National Instruments AI-16E-4 PCMCIA DAQCard and a 266 MHz laptop. Analog signal conditioning was incorporated via an SCXI-1120 module (National Instruments) in order to amplify the incoming signals (ECG ϫ1000; Pressure ϫ10).
The acquisition was controlled via virtual instruments (VIs) designed and developed within the LabVIEW programming environment, as well as through use of the turnkey program BioBench. (LabVIEW and BioBench are both products of National Instruments, Austin, TX.) The data collection virtual instruments enabled (1) the raw data to be converted to engineering units (mmHg) using previously established calibration curves, (2) continuous real-time display of the acquired data for quality control, and (3) storage of acquired, calibrated data for post-processing. A sample of the data acquired is shown in Figure 4A . for the 32 state variables, some of which were adopted from previous studies (6, 17) , are defined in this mode. The model parameters were divided into static and adjustable sets, with the adjustable parameters determined using the parameter estimation algorithm described below. Nominal parameter values were selected to produce physiologically realistic values, such as cardiac output (CO) and hemodynamic waveforms for a typical 25-kg dog. Pulmonary shunt flow was set at 2% of the mean pulmonary blood flow (29) , while mean coronary and cerebral flows were set at 5% and 15% of cardiac output, respectively (30, 31) . The model equations were programmed in the "C" programming language and solved using a variable step-size Runge-Kutta-Merson algorithm with a maximum time step size of 2 ϫ 10 Ϫ3 s and an error tolerance of 1 ϫ 10
Ϫ6
.
Parameter Estimation and Sensitivity Analysis
A nominal set of parameters was first obtained that provided acceptable fits to a variety of indices such as cardiac output (CO), left and right ventricular ejection fractions, mean blood pressures and blood volume distributions around the circulatory loop, and ventricular and arterial pulse pressure waveforms. Model output pressures from a typical control case are depicted in With the baseline hemodynamics established in the control case described above, use was made of parameter sensitivity analysis (46, 47) and a parameter estimation scheme (45) to achieve better agreement with experimental data. Examinations of the magnitude and time course of the relative sensitivity functions associated with all of the circulatory hemodynamic parameters (i.e., resistances, compliances, and inertances) were evaluated for the purpose of ranking the degree of sensitivity of the set (as described in Appendix A). This analysis revealed that the most sensitive parameters were the R TAO , C AOP , and L AOP of the systemic circulation and the R TPA , C PAP , and L PA of the pulmonary circulation. The resistance parameters R SAD and R SC are also quite sensitive, as they are largely responsible for establishing the mean aortic and systemic arterial pressures that are directly compared to the data.
Based on the dynamic sensitivity analysis, the model parameters classified as most sensitive are included in the nonlinear least-squares parameter estimation algorithm. This step significantly enhances convergence of the algorithm by constraining parameter variations to those that can bring about the greatest change in the system variables. The nature of the closed-loop circulation allowed initial estimation of the parameters to be performed on each circulation (i.e., systemic and pulmonic) separately, followed by an integrated fine-tuning. This primarily enabled the ventricular systolic profiles and hemodynamic means to be established prior to the identification of the parameters responsible for the oscillatory perturbations in the pressure waveforms. Figure 5 depicts the user interface for operation of the parameter estimation algorithm with typical results. These results show good agreement for specified pressures around the cardiovascular loop. A summary of Table 1 and Appendix B. MSE is the mean square error of all compared data sets. Hemodynamic MSE disregards errors in pressures within heart chambers.
parameter values determined for each of three typical dog experiments is given in Table 1 . These techniques are described in greater detail in Appendix A.
It should also be noted that heart rate is a significant factor in determining the circulatory hemodynamics. A constant heart rate, established from each data set or by user input, is utilized to run the model and, thus, in determining the adjustable parameters. Since the heart rate varies with respiratory, baroreceptor, and other influences, only small data intervals incorporating three to four beats of roughly equal RR intervals (i.e., the interval of time between the peaks of the R wave in the ECG) were used at one time in the identification scheme.
By producing physiologically realistic outputs, this model allows the study of ventricular interaction through the septum (direct) as well as via the circulatory loop (series) under simulated in vivo conditions. Once model parameters were identified, simulations were conducted to examine a number of abnormal conditions that are often utilized in the literature to demonstrate model affectivity. The results of these simulations are discussed later.
CardioPV Program Development
The CardioPV program, developed using the LabVIEW programming environment, is a compilation of original virtual instruments (VIs) designed as both user and data interface to the model operation. Sophisticated graphical displays highlight the user interface while the CardioPV software can accept data from numerous Note. Units for resistance terms are mmHg*s/ml; for compliance terms they are ml/mmHg; for inertance terms they are mmHg*s 2 /ml.
sources, including direct acquisition via a data acquisition (DAQ) card for online operation. The model "C" code described above is integrated into the CardioPV program as an external call from LabVIEW. CardioPV also provides a continuous graphical feedback of the model operation, enhancing user understanding of the model performance as well as aiding any debugging efforts that may be required. The computational flow diagram shown in Fig. 6 depicts the various stages that are included within the software package. Data can be acquired directly, allowing the software analysis to be utilized during an ongoing experiment. Data can also be read from a number of previously recorded file types. In these cases, the model is run with the average heart rate (HR) determined from the data, and it will run for the same elapsed time as included in the data segment for comparison purposes. When data is linked in the program, the option to directly compare model output using the aforementioned parameter estimation and sensitivity analysis routines becomes available. This capability greatly enhances the functionality of the model. Additionally, the model can be utilized without reference to experimental data by supplying a user-specified HR and simulation elapsed time.
The screen panel shown in Fig. 5 provides the user with multiple options to completely control the parameter estimation process, if so desired. Yet, its default configuration is sufficient to enable novice users to obtain satisfactory results. The sensitivity analysis is conducted in the background and can be reviewed during performance of the parameter estimation routine.
Once acceptable parameter values are obtained, simulations can be continuously conducted for any of the alterations or pathophysiologies described in this paper. In these cases, all model parameter values are held constant except for those changes necessary to simulate the desired intervention. The model will run continuously until it reaches a steady-state output, at which time mean pressure, volume, and flow data around the loop, as well as a variety of cardiac indices such as cardiac output (CO) and ejection fraction (EF), are calculated. These features allowed easy manipulation of model parameters, which helped to provide a quick, convenient and thorough analysis of ventricular interaction, pericardial influence, and normal hemodynamics, as well as the simulation of a wide variety of pathophysiological conditions or clinical interventions.
RESULTS
To demonstrate the utility of a closed-loop circulatory model, which includes the description of ventricular interaction and pericardial influence, several simulation studies were undertaken. These include the hemodynamic consequences of physiological manipulations of circulatory or ventricular parameters as well as simulation of certain pathophysiological states. Simulations of known pathophysiological cases are helpful in both validating the model formulation and identifying possible model limitations. For all simulations, only the model parameters pertinent to a particular protocol were adjusted, while the remaining parameters were fixed at values shown in Appendix B. 
Baseline Hemodynamics
The model equations and associated parameter values given in Table 1 and Appendix B describe the nominal behavior of the canine cardiovascular system. That is, the simulation output resembles the waveforms typically observed in a normal 25-kg dog (31) (32) (33) . This simulation is referred to as the "control case," in which the model includes an active septum, an intact pericardium, and the parameter set identified for dog 1 via the estimation routine discussed in Appendix A. Figure 7 demonstrates that the model is capable of producing realistic waveforms of many hemodynamic variables of interest in the circulation. For example, simulation results for the left heart and systemic afterload include pressures in the left atrium (LA), left ventricle (LV), proximal and distal sections of the aorta (AO P and AO D ), small arteries (SA), arterioles (SA D ), and capillaries (SC), as well as the less pulsatile pressures in the veins (SV, systemic veins; and VC, vena cava) (Fig. 7A) . For the right heart and its pulmonary afterload, Fig. 7B shows the modelgenerated pressure waveforms in the right atrium (RA) and ventricle (RV), large and small pulmonary arteries (PA P and PA D ), pulmonary arterioles (PA), pulmonary capillaries (PV), and the pulmonary veins (PV) adjoining the left atrium. In addition to these pressures, the model also predicts the temporal profiles of volumes associated with each compartment (not shown). Mean pressures and volumes around the circulatory loop are shown in Table 2 . The cardiac output, pressure gradient along the circulatory loop, and overall blood volume distribution are in agreement with commonly accepted values (31) (32) (33) . The blood volume is distributed such that the majority of the blood volume resides in the veins (31, 33) .
Direct Ventricular Interaction
The contributions of one ventricle to the performance of the other are examined within the complete circulatory model. By convention, an increase in the septal volume (V SPT ) indicates movement of the septal wall into the right ventricle, while leftward motion is represented by a decrease in V SPT . Typical M-mode echocardiographic observations (6, 34, 35) demonstrate that the normal systolic septum initially moves toward the LV free wall. Although the positive transseptal pressure (P SPT ) gradient favors a rightward (paradoxic) motion of the passive septum, the activated septum continues to move against the gradient until the end of ejection. During the relaxation phase, the septum becomes more compliant and, thus, more responsive to instantaneous P SPT . In diastole, the septum is completely passive.
Following Chung et al. (6), we examine three characterizations for the septum: (a) a rigid, nondeformable, septum where only the free walls contribute to ventricular pumping; (b) a passive septum where the septum merely couples the ventricles without contributing to ventricular pumping; and (c) an active septum (control case), which combines the passive P-V relationship for diastole and an activation for systole (e (t), Eq. [2] ). In all three cases, the P-V characterization and activation of the left and right free walls are considered identical and functioning within an intact pericardium. Additionally, the temporal profile of septal activation is identical to those for the free walls. The results of these simulations generally agree with findings previously discussed in Chung et al. (6) and are summarized in Table 3 .
A rigid, noncontractile septum decouples the ventricles such that the mechanics of each ventricular chamber are equivalent to those of the free walls. Thus, the rigid septum does not provide any contractile effort and is unresponsive to P SPT , ; aod, aorta (distal); sa, systemic arteries; sad, systemic arterioles; sc, systemic capillaries; vc, inferior vena cava; la, left atrium; rv, right ventricle; pap, pulmonary artery (proximal); pad, pulmonary artery (distal); pa, pulmonic arterioles; pc, pulmonic capillaries; pv, pulmonic veins; ra, right atrium; peri, pericardium. yielding a constant V SPT . While the active septum included in the control case mimics echocardiographic data as described previously and enhances LV function, the results listed in Table 3 suggest incorporating a rigid septum in the model has only a minor (Ͻ2%) effect on typical mean hemodynamic variables. The passive septum is characterized by a time-invariant, passive P-V relationship (similar to the nonlinear diastolic P-V relationship in Eq. [3a] ). When the passive septal characterization is employed, the positive P SPT causes an abnormal paradoxical movement of the septum toward the RV free wall, which is ultimately limited by the nonlinear nature of the passive septal V-P relationship. The passive septal model qualitatively mimics the paradoxic systolic motion observed in some patients during systole (34) . In contrast to the rigid septum studies, the influence of a passive septum on circulatory hemodynamics is expectedly more significant. This is most obviously documented by the end diastolic volumes of the left and right ventricles, which change by ϩ14.7% and Ϫ23.1%, respectively, corresponding to the paradoxical rightward septal motion described earlier. This results in a concomitant rise in pulmonic arterial pressures, a decrease in systemic arterial pressures, and a cardiac output diminished by approximately 2%.
Pericardial Influence
The importance of the pericardium in modulating cardiac performance has been well established both theoretically (17, 36) and experimentally (37, 38) . This influence can be demonstrated in the CardioPV program via three pericardial variations: (a) intact pericardium (control case), (b) pericardiectomy, and (c) cardiac tamponade (simulated by infusion of 38 ml saline in the pericardial space). A pressure-volume (P-V) loop analysis of these simulations is depicted in Fig. 8 . In all cases, the shift in septal position throughout the cardiac cycle appears negligible, whereas the restriction on left and right free wall motion varies. This also applies to the atria wherein the interatrial septum is assumed rigid (decoupling the atria) and their free walls move to accommodate filling and contraction.
Removal of the pericardium eliminates a significant constraint on the filling capabilities of the heart chambers. In other words, the effective compliance of the atrial and ventricular free walls increases during diastole, thus increasing the EDV of each chamber (Fig. 8) , while simultaneously reducing the EDP. The increased EDV subsequently yields a more forceful systolic contraction as evidenced by a greater change in pressure from ED to ES. This also applies to the atria wherein the absolute pressures are lower, but the systolic pressure increase is greater without the pericardium. Conversely, during cardiac tamponade, the free walls of the atria and ventricles are significantly constrained, resulting in limited filling capability and an attendant reduction in the volumes of all four heart chambers.
Note that the PV diagram also lends itself to other assessments of cardiac function as well as model performance. The results depicted in Fig. 8 , and subsequent PV diagrams, are obtained after the model has achieved steady-state operation. In the absence of external influences, such as respiration, steady-state operation should yield the same stroke volume for all four chambers under the same experimental conditions. This is true for the ventricular data depicted in Fig. 8 . The right atrial SV also complies; however, the SV of the LA appears small in comparison. This is explained via the differences in the compliant nature of each atrium. Figure 2 showed the compliance curves of the atria used in this study. These curves were established to produce realistic atrial pressure waveforms as compared to the dog data collected. Typical P RA data shows a relatively small pressure increase during diastolic filling, whereas P LA increases substantially prior to mitral valve opening.
FIG. 8.
Pressure-volume analysis of all four heart chambers under control conditions, pericardiectomy, and cardiac tamponade (38 ml in pericardial space).
From this we conclude that the LA is less compliant than the RA, a characteristic that is enhanced by the presence of the pericardium. Therefore, P LA rises as the LA fills with blood. When the mitral valve opens, there is a relatively large pressure difference between the LA and LV, resulting in a blood flow through the mitral valve greater than the flow entering the atrium. Thus, atrial volume and pressure begin to decrease, even though the heart cycle is still in diastole. Atrial systole then causes the atrial pressure to rise again and complete the ventricular filling.
Two other notes regarding the LA plot are relevant to these discussions. First, the apparent tail-like nature of the LA P-V plot is again a result of the above stroke volume discussion. As the pressure and volume decrease after mitral valve opening, hysteresis is evident in the intact pericardium cases. This is because the pericardium couples all the heart chambers. During early diastole, the total blood volume in the heart is low and the effect of the pericardium is reduced. In late diastole, however, the restrictive effect of the pericardium is more pronounced, and thus, as V LA decreases, P LA does also, but at a different rate than that by which it increased. This is confirmed as well by viewing the pericardiectomy PV loop which has no hysteresis. Second, due to the Gaussian description used to define atrial/ventricular activation, mitral valve closure appears to occur prior to the completion of atrial systole. This results in a drop in pressure (on the low volume of left side of the PV loop in Fig. 8 ) associated with an increasing volume, which is not intuitive. This model artifact occurs in both atria, but is more evident in the LA.
Various physiological indices produced from these simulations of pericardiectomy and cardiac tamponade are summarized in Table 3 . After pericardiectomy, there is a significant 27.9% increase in cardiac output (CO) and a 24.5% increase in mean aortic pressure. These increases echo the experimental results observed by Stokland et al. (37) and Hoit et al. (38) , though to a greater extent. The reduction in atrial pressures reinforces the suggestion that opening the pericardium leads to an increase in atrial compliance. During cardiac tamponade, the simulation produced a 37.8% reduction in cardiac output in comparison to the 33% reduction observed by Savitt et al. (39) for a case of similar severity. The simulation also predicted a 27.7% reduction in left ventricular end-diastolic volume (LVEDV), compared with the 13% reduction observed in the same Savitt study. Although the pericardium enhances direct ventricular interaction via the septum, the results of our simulation suggest that the intact pericardium exerts a moderate restrictive effect on overall cardiac performance, and that pericardial effusion enhances this constraint, adversely affecting cardiac performance and resulting in cardiac tamponade.
Ventricular Activation Timing Effects
Altering the activation sequence of the septum and the ventricular free walls of the heart model can simulate the ventricular dynamics and the abnormal septal motion observed during a variety of clinical conditions, such as intermittent right ventricular pacing, left bundle branch (LBB) block, and type B Woff-ParkinsonWhite conduction. Figure 9 shows the results of a simulation where the septum and the left free wall are delayed by 20 and 60 ms (4 and 14% out of a period of 500 ms), respectively. These delays were selected to simulate the conditions of delayed left ventricular activation, as in the case of Left Bundle Branch (LBB) block (40) . In Fig. 9 , delaying activation of the left free wall alters in the temporal profiles of the left ventricular pressure and left free wall motion, as well as the motion of the septum. Before LBB block, the simulated ventricles contract simultaneously, the pressure gradient across the septum (P SPT ) is positive (i.e., P LV Ͼ P RV ), and the septum and ventricular free walls exhibit normal motion. During LBB block, development of left ventricular pressure is delayed (dashed lines in Fig. 9 ) and the filling of the left ventricle is prolonged, resulting in a slightly higher end-diastolic volume (1.4-ml increase). During the preejection (isovolumic) phase of the ventricles under LBB block, the transseptal pressure gradient transiently reverses (P LV Ͻ P RV ) (41) and causes an abrupt abnormal leftward motion of the septum, accompanied by appropriate motion of the free walls to maintain constant ventricular volumes. When left ventricular pressure finally exceeds right ventricular pressure, and the transseptal pressure gradient is once again positive, the septum moves rightward, followed by normal septal motion during systolic ejection. This abrupt leftward (posterior) motion of the septum and the return (anterior, rightward), followed by a normal leftward motion during ejection, characterizes abnormal septal motion during delayed left ventricular activation and can vary depending on the pacing site (right ventricular outflow tract or apex) (41) .
Although the septum exhibits abnormal motion during LBB block, results obtained by simulating LBB block within the closed-loop model suggest that there is no significant hemodynamic compromise (Table 4 ). The cardiac output (CO) during simulated LBB block increases by 2.4% from baseline value (1.72 L/min). The change in mean arterial pressure is small, from 111.3 mmHg during control to 113.8 mmHg, representing a 2.3% increase. In the pulmonary circulation, only a 3.4% reduction in mean pulmonary arterial pressure is observed. These results are comparable to those obtained by Yaku et al. (40) to assess the effects of freewall ischemia and LBB block on systolic ventricular interaction in dog hearts. Despite disruption of coordinated contraction by LBB block, both with and without the pericardium, they observed no significant hemodynamic changes in right ventricular stroke volume and stroke work.
Filling and Afterload Effects
This combined model of cardiac mechanics and closed-loop circulation provides an opportunity to study altered preload and afterload effects on cardiac function. Specifically, these effects are examined by considering (a) a significant increase in the input impedance (defined below) of the descending aorta and (b) a significant increase in the input impedance of the pulmonary artery. The effects of these cases on cardiac function are summarized in Fig. 11-12 and Table 4 .
For our studies, alterations in ventricular afterload extended beyond simple increases in the zero frequency impedance or peripheral resistance. Rather, resistance increases were coupled with decreases in the compliance of proximal vascular components, thereby more realistically simulating a restrictive arterial system (42, 43) . This is best documented by studying the input impedance characteristics of the arterial system in question (e.g., systemic or pulmonic). The input impedance (Z IN ) seen by the ejecting ventricle is defined as the spectral ratio of pressure to flow at the output of the ventricle (aortic and pulmonic roots). We considered impedance at the aortic root (Z IN,A ) and the pulmonic root (Z IN,P ) sites in determining the afterloads presented here. Figure 10 shows the input impedance modulus and phase for the control, increased systemic afterload, and increased pulmonic afterload, respectively. These impedance functions are in general agreement with the typical values and waveforms documented in (42) . Note that alterations in the impedance of one vascular system have very little effect on the other, resulting in   FIG. 10 . Input impedance analysis of proximal aorta and pulmonary artery under control conditions, increased systemic afterload, and increased pulmonic afterload. The units for the impedance modulus and phase are mmHg*s/ml and degrees, respectively. negligible variations in impedance magnitude or phase within the alternate circulation (Fig. 10) . This disconnection further validates the piecewise parameter estimation scheme employed earlier.
Changes in preload or afterload have concurrent effects on the pressures and volumes of the heart chambers. Specifically, increasing the systemic afterload (i.e., the input impedance, Z IN,A ) decreased the cardiac output (CO) by 19.8% while directly elevating the LV end-diastolic volume (LVEDV). This resulted in a significantly increased LV end-systolic pressure (LVESP). Consequently, the mean aortic pressures are raised by more than 50% (Fig. 11 and Table 4) . A similar percentage increase in the pulmonary afterload, Z IN,P , decreases CO by a smaller amount (7.0%) FIG. 11 . Pressure-volume analysis of all four heart chambers under control conditions, increased pulmonary afterload, and increased systemic afterload. and increases the pulmonary arterial pressures. The RV pressure increases in response to the higher load (by 33.6%), while the LV pressure decreases by 6.7% due to reduced inflow from the pulmonary circulation. The reduced LVESP corresponds to a reduction in mean aortic pressures of nearly 7%. The influence of the atria can also be seen in Fig. 11 . Specifically, the results show that in the cases presented here, alterations in the systemic afterload have a greater effect on the ventricular preload than do similar pulmonary changes. This is consistent with the reduced impact pulmonary afterload changes had on ventricular mechanics as discussed earlier. This study provides a dynamic analog in general agreement with the static study performed by Amoore et al. (44) .
Effects of Ventricular Interaction with Increased Afterloads
Hemodynamic loading affects not only the pressure and volume of the loaded ventricle but also the state of the adjacent ventricle. Both direct and series ventricular interactions mediate these changes, shifting the loaded ventricle's P-V loop, as well as that of the adjacent ventricle. Up to 20% of the shifts in EDV of both ventricles can be attributed to changes in septal volume, V SEPT , due to the compliant nature of the septum during diastole. Systolic septal interaction is less prevalent due to the active contraction of the septum itself. The combined effect of direct and series interaction is evident in Fig. 11 , where the smaller RV P-V loop occurs concomitantly with the larger P-V loop of the LV when the systemic afterload is increased, and vice versa, when the pulmonary afterload is increased. Note that, with the increased Z IN,A , the left ventricular end-diastolic volume (LVEDV) increases by 13.5%, whereas the RVEDV decreases by nearly 25%. An increased pulmonary load brings a similar increase (17.2%) in RVEDV, accompanied by a smaller reduction (5.8%) in LVEDV. Also, due to the series interaction of the closed-loop circulation, the increased systemic afterload causes a concurrent increase in the LV preload pressure (i.e., P LA ) in the steady state, yielding an even greater increase in LVESP than would otherwise be noted.
This analysis can be extended further to address more involved ventricular interaction scenarios along the lines of the work done by Santamore et al. (8) . Specifically, the CardioPV software can be used to address the influence of ventricular interaction in conjunction with high systemic or pulmonic afterloads. However, in this case, a dynamic assessment can be made, expanding on the two-point static analysis done earlier by Santamore et al. (8) . Table 5 lists the results of simulations conducted with the interventricular septum characterized as active, rigid, or passive per previous descriptions, and with either high systemic or pulmonic afterload, yielding six cases. Figure 12 depicts a P-V loop assessment of direct ventricular interaction with a high systemic afterload, which is representative of typical results in this study. These results are in accordance with those shown in (8) . We note that active interventricular coupling does limit the influence of high afterloads as compared to the decoupled (or rigid septum) case. This is also made evident by comparing the cardiac output and stroke volume indices of the active and rigid septum cases, and referencing them to the control case. A passive septum, on the other hand, exacerbates the effect of high afterloads by allowing the left ventricle to be engorged at the expense of the right ventricle. In other words, the LVEDV increases significantly, while the RVEDV experiences a substantial decrease. This leads to a decreased effective contractility of the LV, resulting in a reduced stroke volume in the steady state.
DISCUSSION
In this study, we present a mathematical model of the canine circulation that emulates the functional behavior of the closed-loop circulation including dynamic ventricular interaction and the influence of pericardial mechanics. Secondarily, we discuss the incorporation of the model into a flexible, user-friendly software package. The combination provides the user with a powerful tool for rapidly assessing model performance and applying these techniques to individual experiment subjects.
The comprehensive closed-loop model describes the dynamics of the pressures and volumes in the circulation by lumping the major groups of blood vessels (arteries, capillaries, and veins) as individual compliances and by characterizing the cardiac pumps (atria and ventricles) as time-varying elastances. Cascading these compliant elements, the model is used to describe the pressure and volume dynamics in various points along the circulatory loop: the left atrium and ventricle; the aorta (proximal and distal); the systemic arterioles, capillaries, and veins; the vena cava; the right atrium and ventricle; and the pulmonary arteries, capillaries, and veins. Similar lumped circulatory models have been developed (5-11, 25) , each of which is capable of addressing series ventricular interaction. Direct ventricular interaction, characterized via a two-point static description, has been addressed in some models of the closed-loop circulation (8, 25) via the use of "interaction gains," in an effort to modulate ventricular pressures. However, our model also includes the important continuous dynamics of direct ventricular interaction and pericardial influence (6) .
Under control conditions, our model provides: (a) good fits to pressure waveform data; (b) predictions of mean blood pressure and blood volume distribution throughout the circulation; (c) good agreement with physiologic indices such as cardiac output and ejection fraction for a typical 25-kg dog; and (d) predictions of septal and free-wall motion of the ventricles. By integrating physiologic afterloads (systemic and pulmonary) with the model of ventricular interaction via septum and pericardial influence, the complete model is useful in simulating a variety of interventions.
Applications of the model in the context of both direct and series ventricular interaction include simulation of the cardiovascular and hemodynamic response to altered heart mechanics or circulatory parameters. The heart mechanics or dynamics alterations included: (a) septal abnormalities (rigid or passive septum), (b) pericardial abnormalities (pericardium removed or pericardial effusion leading to cardiac tamponade), (c) altered activation timing within the heart (including pathophysiologies such as left bundle branch block). In all of these cases, the CardioPV software provided a comprehensive quantitative representation of the effects of each abnormal condition. In reviewing these results in Figs. 8 and 9 , along with Tables 3 and  4 , it is apparent that:
(a) The active septal designation affords the most efficient pumping characterization of the heart. While the statistical variance of standard cardiac indices such as cardiac output (CO) is not large between the active and rigid septum designations, the active description is more physiologically realistic and has been shown to agree well with echocardiographic septal motion data (6) . The passive septal designation results in substantially diminished pumping efficiency.
(b) Pericardial mechanics have a dramatic influence on the capabilities of the heart pump. The heart chambers are constrained by the pericardium and, as such, have a limited diastolic filling capacity. Pericardiectomy removes this constraint, resulting in a significantly increased CO, while pericardial effusion (leading to cardiac tamponade) yields a more severe constraint, significantly reducing the effectiveness of the heart pump. Employing a closed thoracic space with dynamic pleural pressures can further modulate these effects.
(c) Altered contractile timing of the heart chambers can have a significant effect on cardiac mechanics, with a lesser impact on hemodynamic performance. This was evidenced through the simulation of LBB Block and could provide a platform for studying the capabilities of proposed pacemaker designs.
It is imperative that HR is controlled when the influence of other parameters on cardiac performance is being studied. While this is easy to accomplish in the model, experimentally this would require denervation (vagotomy) or administration of propanalol, after which heart rate could be controlled via high right atrial pacemaking. In our simulation studies, adjusting the model HR to equal the experimentally measured HR mitigated the effects of HR variability. This also allowed for proper and accurate estimation of the model's hemodynamic parameters.
The current study also provides an analysis of preloads and afterloads to the heart model induced by alterations in circulatory hemodynamic parameters. In these cases, CardioPV analysis was able to provide dynamic descriptions of both series and direct ventricular interaction in the presence of altered circulatory loading. Figures 11 and 12 , as well as Tables 4 and 5 , document the model's performance in this area, which was shown to be analogous to previous works (8) . These results provide a baseline for further examination of various altered states, from the impact of hemorrhage to the effectiveness of implanted flow assist devices.
CONCLUSIONS
We have presented a closed-loop model that integrates a dynamic heart model, including ventricular and pericardial coupling, with a lumped-parameter model of both the systemic and the pulmonic circulations. The CardioPV analysis program, which incorporates the complete cardiovascular model and applies system identification techniques to estimate the key model parameters, is a virtual testbed for assessing the hemodynamic consequences of ventricular interaction and pericardial influence, as well as the global effects of localized mechanical or hemodynamic alterations.
The identified model produces realistic, continuous hemodynamic waveforms around the circulatory loop, as well as reasonable estimates of cardiac output, blood pressure gradients, and volume distributions. This identified control case then serves as a basis for the study of :
(a) the effects of modification of septal contraction and pericardial mechanics on ventricular pump function;
(b) the effects of changes in afterload (pulmonic and systemic) on ventricular wall motion and pump function; (c) the quantification of series and direct forms of ventricular interaction and the assessment of their importance in a more global context; and (d) the effects of timing (including global heart rate effects as well as asynchronous activation among the heart chambers) on ventricular pump function. Simulation results presented in this paper have demonstrated these various effects.
The CardioPV software package provides a sophisticated graphical user interface for the model described in this paper. While the interface for such a model is not typically detailed in the literature, the current development brings extensive flexibility and comprehensive display capabilities that warrant its description. By providing a graphical interface through which the user could continually redefine the modeling problem being pursued, the CardioPV program enabled' a thorough review of the model's capabilities and limitations. Given the demonstrated capabilities of the CardioPV software, with the incorporated closed-loop model, this tool can serve as a useful adjunct in cardiovascular research.
APPENDIX A: PARAMETER ESTIMATION AND SENSITIVITY ANALYSIS

Parameter Estimation
Identification of the nominal parameter set first focused on the systemic arterial system. Specifically, the adjustable parameter set was initially restricted to include only the resistances, compliances, and inertances used to characterize the systemic arterial system (compartments include proximal aorta (AO P ), distal aorta (AO D ), systemic arteries (SA), systemic arterioles (SA D ), and systemic capillaries (SC)). The pulmonic component parameters were then estimated independent of the systemic parameters. This process continued iteratively until a good nominal parameter set around the loop was defined. The resistances were then fixed at their estimated values to establish accurate mean pressures around the loop. The parameter estimation routine described below was then applied to the compliance and inertance elements of both circulations to complete the fine-tuning of the closed loop model.
Values for the adjustable parameters were obtained using a modified LevenbergMarquardt algorithm (45), which is an iterative, nonlinear least-squares parameter identification scheme. A typical data set used for the estimation included the left ventricular (P LV ), aortic arch (P AOP ), systemic artery (P SA , e.g., femoral artery), inferior vena cava (P VC ), right atrial (P RA ), and right ventricular (P RV ) pressures. Our nominal set yielded feasible solutions, which assured convergence of the estimation algorithm. The iterative estimation routine was terminated when the maximum relative change in the adjustable parameters did not exceed 0.1% on subsequent iterative cycles.
The scalar objective function E(␣) employed in achieving good fits simultaneously to three pressure waveforms (P LV , P AOP , P SA ) was the square of weighted residuals in these pressures, i.e., E(␣) ϭ (1/2)e T (␣)W e(␣) ϭ (1/2)Q T Q, where Q ϭ (ΊW e) and e(␣) is the residual error vector. The elements of the positive definite diagonal matrix, W, are the individual weights assigned to each residual r at time t s (r ϭ P LV , P AOP , P SA ). The individual weights are imposed on specific portions of the time record in order to emphasize the fits in those regions. In the CardioPV program, weight functions are readily adjustable to accommodate variations in data usage or other desired alterations. In the present study, however, the weighting elements are typically equal so that the entire data set is accommodated proportionately. Constraints on parameter values are also incorporated in the algorithm to ensure physiologically reasonable values. The identification problem is thus transformed into the estimation of the parameter vector (␣) that minimizes the scalar functional E(␣) in a least-squares sense.
Sensitivity Analysis
To accurately estimate the parameters of a given model, it is necessary to determine which of the parameters is most sensitive. We consider the closed circulatory model to be represented in terms of a set of ordinary differential equations (ODEs) of the form ẋ(t) ϭ f (x,␣),
[8a]
where ␣ is an m-dimensional vector representing the adjustable parameters of the model. It is desired to know which of the parameters, ␣ i , i ϭ 1, 2, . . . , m, when changed, effects the greatest change in the state variables. To this end, a sensitivity function (46, 47) can be defined for each adjustable parameter as 
